The adverse effects of lead poisoning have long been of environmental concern. A large number of research papers have reported many routes of lead poisoning, of which lead sinkers used in fishing require urgent attention. Lead sinkers that are abandoned or scattered from individual fishing gear are notorious for environmental pollution and have been reported in many papers; moreover, lead-core "sinker rope" is used in fishery nets. This paper discusses the latter, which generally has limited public awareness. Preliminary work and field studies were conducted to develop a system for total treatment of lead from fishing nets with lead-cored sinker ropes, in order to prevent environmental pollution and conserve natural resources. Lead sinkers in fishing nets were successfully removed, yielding high-quality lead suitable for commercial purposes. Appropriate management of fishing nets is crucial for environmental protection and resource conservation.
Introduction
Lead poisoning is of global environmental concern, and has been the subject of extensive research and numerous published reports. Even since 2010, nearly 1 million reports related to lead have been published within Elsevier alone [1] . Meyer et al. (2008) summarized general lead sources as: gasoline, smelters, battery recycling, paint, traditional remedies, and electronics, and specific toys were listed as sources of lead exposure among children [2] . Adverse human health effects include erythrocyte protoporphyrinat blood lead concentration of 20 µg/100ml (increased function), peripheral nerve conduction velocity at 40 µg/100ml (decreased function), and encephalo-pathy at around 150 µg/100ml, which is the level of death in case of children [2] . In addition, many researchers have reported concerns regarding environmental and human poisoning caused by lead sinkers used in fishing [3] - [22] . Lead sinkers abandoned in the environment have been a main cause of poisoning via ingestion by animals and even children. Some countries such as Denmark and the United Kingdom (England and Wales) have therefore banned the use of lead sinkers in inland waters, and Canada has also banned their use in some areas such as national parks [20] . According to Scheuhammer (2003) , the annual loss of lead sinkers and jigs reached approximately 500 tons, representing 14% of abandoned non-recoverable lead in Canada [12] .
Similar estimates are not available for Japan. Lead consumption in Japan was approximately 25,000 tons in 2012, of which 75% was used for storage battery cells and 3.3% for lead sinkers and other use, but further details are unknown [23] . The use of lead sinkers evokes secondary environmental concerns, as stated earlier. In Japan, there are two forms of environmental concerns relating to lead sinkers, but there are no published reports on these issues, namely: lead sinkers abandoned and scattered by individual anglers; and lead-core sinker-ropes used for commercial fishing nets. The former case is serious but details are unknown in Japan, therefore an investigation is badly needed; the present paper focuses on the latter case because the authors believe there is a need for greater public awareness. Lead-free fishing sinker has been studied for commercial development but the substitution of lead by other materials such as tungsten-based alloys or cast iron is not easy or realistic in terms of production cost and usability [24] .
There is no procedure for the treatment and management of lead-core fishing nets, which represents a negative aspect of the Japanese fishery sector. Deep-sea fishing nets such as fixed location nets and dragnets usually contain lead sinkers in their ropes. There are unofficial claims that those nets are discarded inappropriately, in the backyards of fishers' storage houses and at ports, or released into the oceans [25] . In practice, it is not known how these fishing nets are managed. The secondary environmental impacts associated with the lead sinkers contained in abandoned fishing nets are therefore of great concern. Lead is soluble in water and therefore has the potential to contaminate soil, groundwater, and surface water. As lead sinkers form the core of the rope, they are unlikely to be scattered into environments such as water bodies or to be ingested by animals; however, other exposure pathways have been reported. A nine-year-old cow was reported with neuropilvacuolation, which was attributed to lead poisoning via the fishing nets used to restrain the animal [15] . Many fishing nets were destroyed by the tsunami that followed the Tohoku Great Earthquake of March 2011 in Japan. Many local governments in Japan accepted disaster debris for disposal under the central government guidance. Kanazawa city, located in Ishikawa Prefecture, almost in the center of Japan and adjacent to the Sea of Japan, landfilled approximately 80,000 tons of fishing gear and nets from tsunami-hit areas [26] . Disposal via landfill is currently a main management strategy for fishing nets in Japan [25] . It is unknown what proportion of the disposed 80,000 tons was lead-core rope, but assuming 10% by weight would represent 8000 tons of lead [25] . Lead abandonment into the environment and even disposal at certified locations is not only a cause of environmental pollution but also represents the abandonment of natural resources [27] - [31] . Lead is also a highly recyclable resource as a base metal.
Preliminary research and a case study were conducted on the collection and removal of lead sinkers from lead-core fishing nets. This paper aims to raise awareness of the need for appropriate management of fishing nets, and to accelerate the removal and collection of lead from fishing nets in order to protect the environment and natural resources.
Materials and Methods

Sample Fishing Nets Containing Lead Sinkers
Samples were obtained of two types of fishing net: unused nets (Nitto Seimo Co., Ltd.), and used nets from the Tohoku Region that were discarded following the tsunami of March 2011 (Kesennuma Block, Miyagi Prefecture).
Analysis of Net Structure and Remaining Lead
Analysis of net structure; i.e., the quantity of lead, how the sinkers were installed in ropes, and how much remained in ropes after treatment were performed. Manual and visual observations were conducted at the laboratory of either Toyama Prefectural University or Sato Tekko Co., Ltd.
Analysis of Lead Sinker Composition
The composition of lead sinker in lead-core ropes was analyzed via energy dispersive X-ray spectrometry (EDX -900HS, Shimadzu).
Field Experiment of Lead Sinker Recovery
A field experiment on the removal of lead sinker was performed at Kesennuma Earthquake Disaster Debris Treatment Site (Kesennuma Block) in Miyagi Prefecture, Japan. The experiment used a batch operation-type cross-flow shredder (CFS S-1250, Sato Tekko) consisting of a treatment box containing a chain revolving at 3000 rpm. Five kilograms of previously roughly cut lead-core rope from fishing nets was placed into the machine and treatment time was selected as 30, 60, and 90 seconds. Treated ropes and removed lead sinkers were withdrawn from the bottom of the box and stored in a small metal container and a flexible container respectively.
Results and Discussion
Analysis of Lead Sinkers and Net Structure
Analysis of the lead-core ropes revealed that they were netted to form fishing nets. Therefore, the inclusion of lead sinkers in fishing nets is usually not noticed by the public from the net's outer appearance. Two types of mounted lead sinkers were identified, shown in Figure 1 .
The type shown on the right in Figure 1 is string-attached: lead sinkers weights are pinched onto a string in a line and mounted in the core position of the ropes. The type shown on the left in Figure 1 is the tube type: lead weights are packed within a tube and mounted in the core position of the ropes. The black spots in the tube indicate the locations of the lead weights. No spots were visible if there were no lead weights inserted in the tube. Those mounted types of lead sinkers were netted into the ropes; the condition of mounted lead sinkers in the ropes is shown in Figure 2 . A rope usually comprised three thinner ropes, each of which included mounted lead sinkers in its core. Table 1 shows the results of laboratory analysis and the weight percentage of lead sinkers in the four types of ropes that were examined. As seen in Table 1 , the fishing nets contained approximately 35% -60% lead sinkers by weight, meaning that 100 tons of fishing net would yield 35 -60 tons of lead sinkers. The composition of the lead sinkers was analyzed, and the results are shown in Table 2 .
The results show that lead sinkers used in fishing nets contain high-purity lead that could be resold as a base metal at a price of at least 1 USD per kilogram. Although the quantity of used fishing net treated for disposal is unknown, it is said that large amounts of used fishing net have been landfilled, especially among disaster debris. The current disposal method for used fishing net implies abandonment of a valuable resource and raises secondary environmental concerns associated with lead toxicity.
Field Experiment for Lead Sinker Recovery
Used fishing net was pre-cut and placed into the shredder for removal of lead sinkers. Figure 3 shows the results of ten experiments at a treatment time of 30 seconds.
Removed lead sinkers weighed about 1.5 kg and treated used ropes were around 3 kg. The total weight of about 4.5 kg was less than that placed into the shredder. The weight differential might be attributing to the weight of dirt attached to the rope surface. It was recognized that much dirt attaches to fishing nets during use, and that many kinds of fishing net that initially have a distinctive color become the same color due to dirt ingress. Consequently, it was very difficult to quickly visually distinguish the types of fishing net at the field site. The results show that lead sinker comprised 33.5% ± 0.6% weight (wet) when water content was 4.5% -14.3%. The disparity in these results from the those shown in Table 1 on lead sinker weight percentage is explained by the differing field and laboratory methodologies: in the laboratory, each separated rope type ( Table 1) was selected and analyzed for percentage lead content by weight; conversely, the field experiments used unidentified, non-separated, and mixed rope types (Figure 1) ; as a consequence, the results differed. Removed lead sinker and treated ropes were withdrawn from the bottom of the shredder (Figure 4) . The lower container shown in accumulated removed lead sinker and the upper container collected treated ropes. The closed appearance of the removed lead sinker is shown in Figure 5. 
Differing States of Unused and Used Ropes after Treatment
Following treatment, the used had an appearance similar to cotton (Figure 6 ), whereas the unused ropes still the form of ropes (Photo not shown). Based on these findings, it was concluded that the used ropes experienced material degradation resulting from long periods of use in seawater.
Proposed System for Treatment of Fishing Net with Lead-Core Ropes
As stated, following mechanical shredding, the used ropes showed a cotton-like structure that easily trapped the lead sinkers (see the red circle in Figure 5 ). Despite being successfully removed from the used rope, a considerable proportion of the lead sinkers therefore became trapped within the shredded rope structure and was not collected, thereby greatly reducing the recovery efficiency from the used ropes. Consequently, the removal and subsequent collection of lead sinkers from used ropes require different processes. Fishing net made from lead sinker-cored ropes must be pre-cut before passing through the shredding machine. Figure 7 describes a system for total treatment of fishing nets made from lead-core sinker ropes: used fishing nets are cut to lengths of approximately 1 m and sent to a lead removal process. After removal of lead sinkers, the fishing nets proceed to a collection process in order to entirely separate the removed lead sinkers and the treated ropes. In Figure 6 , lead sinkers in the blue circle were not removed from the ropes following 30-second treatment time, indicating that much longer shredding time was required. At 60 seconds, there were no lead sinkers visible in the ropes, suggesting this duration of treatment is necessary for complete removal of lead sinkers.
Conclusion
Publicized management reports show that fishing nets with lead-weighted rope core are currently landfilled or incinerated in Japan without lead removal. This makes the treatment of fishing nets more complicated and troublesome. Incineration ash and leachate with high lead concentration become the secondary environmental concerns. We propose a promising method for the treatment of fishing nets and recovery of lead weights. The present study identified some critical points for improved treatment of fishing nets. Lead sinkers cored in ropes of fishing nets were successfully removed by a revolving cross-flow waste-shredding machine. A treatment time of 60 seconds was appropriate. It was found that lead sinkers comprised 35% -60% of the total weight of fishing nets, and that recovered lead sinkers were of high quality suitable for resale as base metals. In terms of constructing a total treatment system for the fishing nets containing lead sinkers, it can be concluded that three steps are necessary, i.e. pre-treatment, main treatment, and post-treatment since the removal of lead sinkers and subsequent collection stage required different processes, especially when treating used fishing nets. It is very important to address secondary environmental concerns associated with the mismanagement of lead sinkers contained in fishing nets, and material recovery also has very important implications for the conservation of valuable natural resources. It is hoped that the findings of this study will accelerate the recovery of lead from fishing nets and prevent secondary environmental pollution.
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